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Abstract

The double melting behavior of syndiotactic polystyrene (sPS) with b0-form crystallites was systematically investigated by several analytical
techniques, including differential scanning calorimetry (DSC), polarized light microscopy (PLM), transmission electron microscopy (TEM), as
well as wide-angle and small-angle X-ray scattering (WAXD, SAXS). For preventing the possible chain re-organization during intermediate
melting, a high-energy electron beam (e-beam) radiation was carried out on the melt-crystallized samples to chemically cross-link the amor-
phous chains between lamellar crystals. The WAXD intensity profiles of the irradiated sPS samples revealed that no crystal transformation
took place, and the crystallinity fraction remained unchanged for a received dose up to 2.4 MGy. As the received dose was increased, however,
the high melting temperature peak was gradually diminished and finally disappeared after 1.8 MGy e-beam radiation, suggesting that the double
melting phenomenon was mainly attributed to the melting/re-crystallization/re-melting behavior. The re-crystallization mechanism of sPS
samples was studied using DSC and PLM to reveal the effects of heating rate and annealing temperature on the Avrami exponent and re-
crystallization rate constant. In addition, the lamellar morphologies of the re-crystallized samples were also investigated by means of SAXS
and TEM. With increasing heating rate or annealing temperature, the derived Avrami exponent was slightly decreased from 1.4 to 1.1; in
comparison, the re-crystallization rate showed a shallow maximum at a rate of 10 �C/min, but it became evidently reduced at high annealing
temperatures. Based on the morphological observations, we proposed that the re-crystallization of b0-form sPS crystals involved with the pres-
ence of broad lamellar thickness distribution as well as abundant irregular loose folding chains on the lamellar surfaces, which became tightened
and crystallized into the un-melted lamellae when the neighboring thinner lamellae trapped in-between were melted. Thus, the high melting
temperature is dependent on the average thickness of lamellae consisting of the un-melted lamellae developed initially and thickened ones
associated with re-crystallization.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Differential scanning calorimetry (DSC) heating traces are
frequently applied to a crystallized polymer sample to deter-
mine its melting point and heat of fusion; the former gives
the perfection and/or the thickness of the lamellae, while the
latter provides the relative amount of chains which constitute
the ordered region. It is of great interest to note that the
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DSC heating traces of certain polymers, such as poly(ethylene
terephthalate) [1,2], poly(ether ether ketone) [3e6], and
isotactic PS [7], which have been isothermally crystallized,
show multi-melting endotherms.

The presence of multi-melting endotherms may be attrib-
uted either to different crystal structures (polymorphism)
[8,9], different lamellar thicknesses and/or perfection [4,10],
or crystal re-organization during heating trace [1,5,11,12].
Specifically, the dual lamellar thickness model includes two
branches: the lamellar insertion model and the dual lamellar
stack model [13,14]. In support of the two-morphology
models, some researchers have found that the high-tempera-
ture endotherm is developed prior to the low-temperature
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one, and two distinct lamellar populations are observed using
transmission electron microscopy (TEM) [4,6]. On the other
hand, a crystallization exotherm between the two melting
peaks is often observed when the samples are crystallized
at a high undercooling. This suggests the validity of the re-
crystallization model as well. According to the melting/re-
crystallization model, the low endotherm presents the melting
of the initially crystallized lamellae; during continuous anneal-
ing, part of the melted lamellae will re-crystallize into thicker
(more perfect) lamellar crystals, which melt at a higher tem-
perature. As a complimentary technique, small-angle X-ray
scattering (SAXS) is also frequently applied to monitor the
variation of morphological lengths during the double melting
process. Depending on the systems, the SAXS results sup-
ported both the dual lamellar thickness model [15] and the
re-crystallization model [11]. A recent review of the multi-
melting behavior of semi-stiff polymers was given by Verma
and Hsiao [13].

Depending on the crystallization condition, the syndiotactic
polystyrene (sPS) demonstrates the ability to form different
crystal structures due to its polymorphic nature. When crystal-
lized from the melt, sPS develops either hexagonal (a form) or
orthorhombic (b form) modifications with a zigezag chain
configuration [16e19]. Previous results showed that b-form
modification is thermodynamically favored, whereas a-form
modification is preferentially induced by a kinetically-
controlled process or a memory effect [16]. Further classifi-
cation leads to two limiting order structures, denoted by a0-,
b0- and a00-, b00-form, respectively, for the disordered and
ordered structures associated with the packing of molecules
within the crystals [16,19]. In general, the DSC heating traces
on the b0-form sPS melt-crystallized at low crystallization
temperatures (Tc) exhibit two distinct melting endotherms,
whereas only one melting peak is observed for samples that
were melt-crystallized at high Tc [20e23]. In contrast, a single
melting peak was essentially observed for the sample with
b00 modification [24]. In this study, we focused on the sPS
samples with b0-form crystals. Guerra et al. [16,24] have dem-
onstrated that no crystal transformation (either b0/a or
b0/b00) would take place, but morphological variation should
be more relevant to account for the double melting behavior of
the b0-form sPS. Sun and Woo [25] reported a more compli-
cated melting behavior of sPS samples: three melting peaks
were observed for b0-form sPS melt-crystallized at a lower
temperature (e.g. Tc¼ 230 �C) or heating with a lower heating
rate (e.g. 5 �C/min for sPS crystallized at Tc¼ 240 �C). Al-
though extensive studies on the multiple melting behavior of
sPS had been conducted, the assignment of individual melting
peak and the deduction were primarily based on the results
obtained from DSC, wide-angle X-ray diffraction (WAXD),
and scanning electron microscopy (SEM) [20e25], which pro-
vided indirect or relatively rough information on individual
lamellae during the melting process. To our knowledge, there
has been no detailed study yet exploring morphological
changes during the melting of sPS lamellae.

In this article, we attempted to revisit the double melting
behavior of b0-form sPS using TEM and SAXS to obtain
a fine observation of lamellar morphologies. In addition to
DSC measurements, the changes in spherulitic morphologies
and re-crystallization kinetics associated with sPS melting
were also studied by a polarized light microscope (PLM). To
elucidate the origin of the double melting behavior, electron
beams (e-beams) were first applied on the melt-crystallized
samples for inducing the cross-linking network structure of
the amorphous chains between lamellae to prohibit the possi-
ble re-organization during melting. With increasing radiation
dose, the higher melting peak was gradually suppressed and
disappeared at a dose higher than 1.8 MGy. In comparison,
the lower melting peak was stable up to 0.8 MGy dose. Based
on these findings, the bimodal lamellar structures were ex-
cluded for accounting for the double melting phenomena,
and the lower melting temperature was indicative of the melt-
ing of the original lamellae presented in the crystallized sam-
ples. The re-crystallization mechanism and morphologies
developed after partial melting were also studied using DSC,
PLM, TEM, WAXD, and SAXS. The kinetics of the re-crystal-
lization process was analyzed via Avarmi equation. The effects
of the heating rate and annealing temperatures on the re-
crystallization kinetics were investigated, and the plausible
re-crystallization mechanism was provided as well.

2. Experimental

sPS pellets with a weight average molecular weight of
200 kg/mol were supplied by Dow Chemical Co. To prepare
sPS samples in b0 form, the pellets were hot-pressed at
290 �C and 0.6 MPa for 10 min, followed by ambient cooling
at ambient pressure. sPS discs (a diameter of 17 and 1.2 mm
thick) were irradiated in air atmosphere using an electron
beam accelerator. The electron energy was 1.8 MeV with
a beam current of 6.4 mA. A conveyor system was used to
transport the sPS discs with a speed of 10 m/min to receive
the radiation step-by-step until the desired dose was built up.
The samples were irradiated to total doses ranging from 0.1
to 2.4 MGy for further studies.

2.1. DSC measurements

The melting behavior and crystallization of the irradiated
sPS samples were investigated using a PerkineElmer DSC7.
Prior to measurements, indium and zinc standards were used
to calibrate the enthalpies of fusion and melting temperatures.
The melting enthalpy and temperature of the sPS samples
were measured at a heating rate (R) of 10 �C/min (unless
otherwise specified) under nitrogen atmosphere to diminish
oxidation. The melting temperature was reported at the peak
of the melting endotherm, and the area of endotherm gave
the melting enthalpy, DHm.

To study the re-crystallization kinetics, the temperature se-
quence was arranged as follows: the sample was melted at
300 �C for 10 min and cooled to 240 �C for isothermal crystal-
lization for 4 min. Then the sample was heated at a rate of
10 �C/min to the selected annealing temperatures (Ta¼ 251,
261, 263, 265, 267, and 269 �C) for 12 min to reveal the
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re-crystallization kinetics. The effect of heating rate on the
re-crystallization kinetics was also investigated by applying
various R to heat the 240 �C-crystallized samples to
Ta¼ 267 �C.

2.2. PLM light intensity measurements

A polarized light microscope (PLM, Leica DMLP) equip-
ped with a hot stage (THMS600, Linkam) and an AP1 camera
(Apogee Instruments Inc.) was used to monitor the variation of
depolarized light intensity during isothermal crystallization
and the melting of sPS as well [26]. Prior to the measurements,
the hot stage was calibrated with benzoic acid and tin. The
samples were first maintained at 300 �C for 10 min and then
quickly cooled to the desired temperature for crystallization.
After crystallization, subsequent melting was performed at
a heating rate of 10 �C/min. The camera possesses a 16-bit
dynamic range Charge Coupled Detector (CCD) with a resolu-
tion of 768� 512 pixels. Automatic storage of the images was
conducted by the recording system at a time interval of 2.8 s,
leading the temperature resolution to be 0.24 �C for accuracy.
Under crosspolars, the high-performance CCD imaging
system will give the intensity change of the depolarized light
during crystallization and melting process.

2.3. WAXD measurements

WAXD measurements were frequently carried out to ensure
the neat b0 crystalline form of the as-prepared samples. A
rotating-anode X-ray generator (Philips, PW1710) with
mono-chromatized Cu Ka X-ray beam was used. The genera-
tor was operated at 40 kV and 100 mA, and the data were
collected from 5 to 30� in 2q in steps of 0.02� at a scanning
rate of 4�/min.

2.4. SAXS measurements

SAXS studies were performed at room temperature using
a 18 kW rotating-anode X-ray generator (Cu target, Rigaku)
operated at 40 kV and 200 mA. A set of three pinhole collima-
tors was used. A two-dimensional position-sensitive detector
(ORDELA Model 2201X, Oak Ridge Detector Laboratory
Inc.) with 256� 256 channels was used, and the sample-
to-detector distance was set at 4000 mm. The area scattering
intensities were averaged radially to obtain the one-dimen-
sional intensity profile for further analyses. The scattering vec-
tor q (¼4psin q/l, where 2q is the scattering angle and l is the
wavelength of X-ray) ranges from 0.11 to 3.0 nm�1. Details of
SAXS setup was described elsewhere [27]. For materials with
diffuse phase boundaries, the Porod law predicts the scattered
intensity at large angles, as follows [28]:

lim
q/N

�
Kp �

�
Iraw � Ifl

�
q4exp

�
s2q2

��
¼ 0 ð1Þ

where Iraw is the raw intensity, Ifl is the intensity arising from
thermal density fluctuations, Kp is the Porod constant, and s is
the interfacial thickness between the crystalline and
amorphous regions. A numerical simulation was carried out
to obtain the optimal parameters (Ifl, Kp and s). Then, cor-
rected intensities, Icor¼ (Iraw� Ifl)exp (s2q2), were used for
further analyses.

2.5. TEM observations

The ultrathin films, ca. 50 nm thick, to be observed by TEM
were prepared by sectioning the bulk samples at room tem-
perature using an Ultracut UCT (Leica) microtome. The stain-
ing of the ultrathin films was subsequently carried out with
ruthenium tetraoxide (RuO4) vapors at room temperature.
The TEM micrographs shown in this work were obtained by
using JEM-2000FX (Jeol) operated at 80 kV.

3. Results and discussion

3.1. Radiation effects on the melting and subsequent
dynamic crystallization

Prior to e-beam radiation, the samples were isothermally
crystallized at 250 �C for 2 h for complete crystallization, fol-
lowed by the 10 �C/min cooling to ambient temperature. The
formation of b0-form sPS crystals in these samples was veri-
fied by their WAXD intensity profiles. After receiving various
doses (0e2.4 MGy), the irradiated samples still preserved the
b0-form crystals according to their WAXD intensity profiles as
shown in Fig. 1 along with the indexed planes for each diffrac-
tion peaks [16]. The intensity profile of the completely amor-
phous sample is also given in Fig. 1 as dashed lines in an
attempt to determine the crystallinity fraction (fWAXD). After
resolving the intensity profiles associated with the amorphous
halo and crystalline regions, respectively, fWAXD was esti-
mated from the ratio of integrated intensities from all the
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Fig. 1. WAXD intensity profiles of irradiated sPS samples with varying e-beam
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ation, the sample is isothermally crystallized at 250 �C for 2 h.
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diffraction peaks to the total intensity curve [27]. For the irra-
diated samples, no crystal transformation was observed, and
fWAXD was unchanged (w0.38) regardless of the radiation
dose, implying the radiation stability of the b0-form lamellae
up to a received dose of 2.4 MGy. Nevertheless, the exposure
of the crystallized sPS samples to high-energy radiation usu-
ally results in two typical chemical changes taking place in
the inter-lamellar amorphous region, namely, main-chain scis-
sion and cross-linking [29,30]. The former is favored by a low
radiation dose, while the latter takes place under excessive ra-
diation. Indeed, our irradiated samples showed a color change
from white to brown at a received dose of 0.8 MGy, and it be-
came more prominent while the dose is increased mainly due
to the formation of double bonds and oxidation. For the amor-
phous atactic PS (aPS), previous studies have demonstrated
the possession of a high degree of resistance to g-radiation
in air due to the protective influence of the benzene ring,
and that a radiation dose of 1.25 MGy was required to form
a permanent cross-linking network [31].

Fig. 2 shows DSC melting traces of the irradiated sPS sam-
ples from ambient temperature to 300 �C at a heating rate of
10 �C/min. After exposure at 300 �C for 10 min, the subse-
quent cooling thermograms are displayed in Fig. 3 for reveal-
ing the cross-linking effects on the dynamic crystallization. In
the absence of e-beam radiation, the crystallized sPS showed
two melting peaks (Fig. 2), with the low and high peak tem-
peratures referred to as Tml and Tmh at 264.1 and 270.8 �C, re-
spectively. As the radiation dose was increased, the high
melting peak was gradually suppressed, shifted to a lower tem-
perature, and finally became a barely discernible shoulder at
a received dose of 1.2 MGy, accompanied by a Tml reduction
to 263.4 �C. Eventually, a single melting peak centered at
262.4 �C was observed for the samples undertaken at
1.8 MGy e-beam radiation. It is evident that e-beam radiation
on the melt-crystallized sample has effectively induced the
cross-linking reaction of the amorphous chains between
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Fig. 2. Melting behavior of irradiated sPS samples with varying e-beam doses;

heating rate: 10 �C/min.
lamellar crystallites, leading to the hindrance of the plausible
re-organization after the intermediate crystal melting. Accord-
ing to Fig. 2, a received dose higher than 1.2 MGy is sufficient
to develop an effective chain network between crystalline la-
mellae for preventing re-crystallization. The radiation dose
dependence of Tml implies that the thickness of the lamellae
plausibly remains unchanged for a dose lower than 0.8 MGy,
but higher doses lead to a slight reduction of the lamellar
thickness and/or destruction of crystal structure. Moreover,
the cross-linking reaction gives rise to the branching and/or
network microstructure of sPS chains which further retard
the dynamic crystallization as shown in Fig. 3. Moreover,
the crystallization peak temperature is decreased with an in-
crease in radiation dose from 236.5 �C for the pristine samples
to 224.7 �C for those receiving 2.4 MGy doses. Fig. 4 shows
the radiation dose effects on melting enthalpy (DHm) obtained
by the heating scans (Fig. 2), the crystallization enthalpy
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(DHc) obtained by the cooling scans (Fig. 3), and the crystal-
linity fraction (fWAXD). DHm was found to be slightly larger
than DHc regardless of the radiation dose. It is of interest to
note that DHm of the irradiated samples remained constant
at 31.2� 0.7 J/g until a received dose of 1.2 MGy, where
a transition was noticed by a dropping of DHm to 26.5�
0.2 J/g. A further increase in the radiation dose up to
2.4 MGy did not affect the melting enthalpy. This trend sug-
gested that the re-crystallization of the irradiated samples dur-
ing crystal melting was completely suppressed for a received
dose higher than 0.8 MGy. For the measured DHc, a similar
dependence of radiation dose was also observed with a corre-
sponding DHc drop from 28.6� 0.7 J/g at a low level to
24.2� 0.5 J/g at a high level of radiation.

However, the melting enthalpy for the 100% pure b0-form
sPS crystals (DHo

f ) is still uncertain due to their polymorphism
and complex melting behavior as shown in Fig. 2. At present,
two distinct values, 52 J/g [32] and 82 J/g [33], have been re-
ported in the literature without providing a detailed crystal
modification assignment. Based on Fig. 4, our study’s radia-
tion results seem to provide a feasible route for the estimation
of the DHo

f value by assuming that the crystallinity fractions
determined from WAXD and DSC are identical. To exclude
the re-crystallization effect on the measured DHm, only the
DHm results measured from the highly irradiated samples
are considered for calculations. In this manner, the derived
DHo

f value is ca. 69.0 J/g for the pure b0-form crystals.

3.2. Radiation effects on isothermal crystallization and
subsequent melting

In addition to the non-isothermal crystallization (Fig. 3),
the isothermal crystallization of the irradiated samples was
also conducted at 250 �C after exposure at 300 �C for
10 min. The heat release associated with crystallization was
recorded, and the kinetics was analyzed by means of the
Avrami equation to derive the overall crystallization rate (k),
and Avrami exponent (n). As shown in Table 1, with an
increase in the radiation dose, the peak time for the crystalli-
zation exotherm (tpeak) is larger, but the crystallization rate is
smaller, both indicating the retardation of sPS crystallization.
In addition, the Avrami exponent is gradually reduced from
a value of 2.60 for the un-irradiated sample to 1.86 for those
under high-level e-beam radiation, indicating the difference
in the nucleation and growth mechanisms induced by the

Table 1

Effects of radiation dose on the Avrami exponent (n), overall crystallization

rate (k), and crystallization peak time (tpeak) of irradiated sPS samples sub-

jected to isothermal crystallization at 250 �C

Dose (MGy) n k� 103 (min�1) tpeak (min)

0 2.60 27 4.10

0.3 2.40 17 4.32

0.5 2.37 23 5.14

0.8 2.32 14 6.10

1.2 2.21 8.8 8.29

2.4 1.86 2.5 31.84
radiation. After the 250 �C isothermal crystallization, subse-
quent melting traces were also performed, and melting curves
similar to those displayed in Fig. 2 were obtained. That is,
double melting was still observed for a received dose lower
than 0.8 MGy, but the high melting peak became less predomi-
nant in contrast with the ‘‘crystallized-irradiated’’ samples
shown in Fig. 2.

3.3. Re-crystallization kinetics studied by DSC

When the crystallization of the sPS samples took place at
a lower Tc (such as 240 �C), the re-crystallization behavior
during subsequent heating trace would become more signifi-
cant as evidenced by the enhancement of the high melting
peak. For revealing the re-crystallization kinetics more effi-
ciently, therefore, the samples were herein melt-crystallized
at 240 �C and then were heated to the intermediate tempera-
tures to study the releasing enthalpy involved. The annealing
of sPS at an intermediate temperature between Tml and Tmh

is an appropriate approach to reveal any thermal events
involved during DSC heating trace [34]. For sPS melt-crystal-
lized at 240 �C for 4 min, the values of Tml and Tmh are 260.5
and 270.5 �C, respectively, at R¼ 10 �C/min. In comparison
with the samples crystallized at 250 �C (Fig. 2), a lower Tml

is obtained but the Tmh is unchanged, giving a wider range
of annealing temperature (Ta) available for re-crystallization
investigations. Fig. 5 shows the effect of Ta on the samples
which have been crystallized at 240 �C for 4 min and then
were heated at 10 �C/min to the desired Ta. Since no crystal
melting takes place at Ta¼ 251 �C, a flat baseline is expected.
On the other hand, a crystallization exotherm is evident at
Ta¼ 261 �C where there was partial melting of the low-
temperature endotherm. As Ta is increased, the enthalpy
(DHrc) associated with the re-crystallization of the melted la-
mellae is increased (Table 2) and reaches a maximum at
Ta¼ 265 �C, where the complete melting of the low-tempera-
ture endotherm takes place. A further increase of Ta leads to
the reduction of re-crystallization extent (DHrc). At an anneal-
ing temperature of 269 �C, there is no detectable exotherm,
suggesting the inabilities of the melted lamellae to undergo
re-crystallization at such a high temperature. Based on the
Avrami equation, the exotherm associated with the re-crystal-
lization was further analyzed to deduce the corresponding
Avrami exponent and the rate of re-crystallization (krc). The
derived values of n and krc are given in Table 2. It is of interest
to note that krc is decreased with increasing Ta. This suggests
that the transformation rate of the melted lamellae to the
re-crystallized ones is reduced at a high Ta although the total
amount of melted lamellae undergoing re-organization is
higher. Moreover, one-dimensional crystal growth is expected
since the derived n value is close to unity.

At a given Ta of 267 �C, Fig. 6 shows the annealing curves
by applying various heating rates (R) on the sample, which has
been melt-crystallized at 240 �C for 4 min. When a small R is
applied, the melted crystals have been already re-crystallized
during heating prior to reaching Ta, leading to a small DHrc

detected at 267 �C. When a too high heating rate is applied,
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on the other hand, superheating effect inevitably takes place,
and a small value of DHrc is induced. Similar effects may
also account for the presence of a shallow maximum of krc

at 10 �C/min as shown in Table 3, where heating rate effects
on the corresponding values of n, krc, and DHrc are tabulated.
The Avrami exponent is found to gradually decrease from 1.36
to 1.13 as the heating rate is increased from 1 to 40 �C/min.
These values of n also suggest that one-dimensional crystal
growth is involved in the re-crystallization process.

3.4. Re-crystallization kinetics studied by PLM

Using PLM coupled with a device for measuring transmit-
ted light intensity, the isothermal crystallization kinetics and
the subsequent melting behavior were feasibly analyzed
[26]. This is based on the fact that the crystals developed in
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Table 2

Effects of annealing temperatures (Ta) on the re-crystallization kinetics of sPS

samples

Ta (�C) n krc (min�1) DHrc (J/g)

261 1.36 1.522 8.44

263 1.28 0.787 9.54

265 1.15 0.463 10.37

267 1.17 0.333 9.01

sPS sample has been melt-crystallized at 240 �C for 4 min first, followed by

a subsequent heating at a rate of 10 �C/min to Ta for annealing.
the spherulites are able to rotate the light passing through
the polarizer to a certain level due to the optical anisotropic
nature. This then facilitates a portion of transmitted light to
be parallel to the analyzer which can be measured by the
CCD camera. In the absence of existing crystals, on the other
hand, no transmitted light can pass the analyzer and be de-
tected by the CCD camera. Thus, the degree of crystallinity
developed (or remained) within the spherulites is considered
to be proportional to the intensity of the transmitted light mea-
sured [26,35]. Under crosspolar configuration, the plot of mea-
sured light intensities versus elapsed time is shown in Fig. 7;
three sequences are involved, namely, Stage I (0e7.5 min)
for isothermal crystallization at 250 �C and Stage II (7.5e
9.3 min) for subsequent heating directly from 250 to 268 �C,
followed by an isothermal annealing process at 268 �C for
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Fig. 6. Effects of heating rate, R, on the re-crystallization curves of sPS sam-

ples annealing at 267 �C. sPS sample has been melt-crystallized at 240 �C for

4 min first, followed by a subsequent heating to 267 �C for re-crystallization.

Table 3

Effects of heating rates (R) on the re-crystallization kinetics of sPS samples

annealed at 267 �C

R (�C/min) n krc (min�1) DHrc (J/g)

1 1.36 0.181 3.86

2 1.33 0.278 4.43

5 1.20 0.313 7.12

10 1.17 0.333 9.01

20 1.13 0.292 8.97

40 1.13 0.232 3.13

sPS sample has been melt-crystallized at 240 �C for 4 min first, followed by

a subsequent heating at a rate of R to 267 �C for annealing.
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monitoring the re-crystallization evolution, which is referred
to as Stage III (9.3e22 min). It is of interest to note that
majority of the crystals developed at 250 �C are melted
away during the Stage II, but crystal recovery during annealing
at 268 �C is tremendously fast; within 10 min, the re-crys-
tallization reaches its full capacity. The reduced intensity,
expressed by ½IðtcÞ � Io�=½IN � Io� where Io, IN, and I(tc) are
the transmitted intensities measured at the initiation, satura-
tion, and crystallization time of tc, respectively, was used to
represent the relative crystallinity developed during the phase
transformation. The inset of Fig. 7 shows the evolution of
relative crystallinity in Stage I (solid line) as well as that in
Stage III (filled circles). Also given in the inset is the crystal-
linity evolution of the sPS samples that were melt-crystallized
isothermally at 268 �C (dashed line) for comparison. Accord-
ing to the inset, the induction time required for the isothermal
crystallization at 268 �C (w90 min) is significantly higher
than that at 250 �C (w1 min). For the annealing process at
268 �C (Stage III ), however, the induction time is significantly
reduced to 0.2 min, indicating that the surviving crystals after
partial crystal melting serve as the nuclei for the re-crystalliza-
tion to readily take place. Based on the Avrami equation,
the exponent and rate constant are derived to be 3.4 and
7.69� 10�2 min�1, respectively, for 250 �C isothermal crys-
tallization, and 3.4 and 3.18� 10�7 min�1, respectively, for
268 �C isothermal crystallization. For the 268 �C annealing
process (Stage III ), on the other hand, the rate constant is
ca. 1.89� 10�1 min�1 and the Avrami exponent is changed
to 1.2, which is in accord with the DSC results (Tables 2
and 3). This also suggests the one-dimensional crystal growth
during the re-crystallization process.

After annealing at 268 �C (Stage III ), the re-crystallized
sample was heated under PLM to observe the morphological
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Fig. 7. Variation of depolarized light intensity during isothermal crystallization

at 250 �C for 7.5 min first (Stage I ), then heating at a rate of 10 �C/min to

268 �C (Stage II ), and holding for re-crystallization up to 22 min (Stage

III ). The inset shows the crystallization evolution of sPS measured by PLM;

the filled circles are results for the sPS re-crystallization at 268 �C, and the

solid line and dashed line are results for sPS isothermally crystallized at

250 and 268 �C, respectively.
variation during melting, and the melting behavior is shown
in Fig. 8 (solid circles) where the temperature derivative of
the reduced intensity is plotted as a function of temperature.
Thus, melting is in progress if the calculated �dI/dT curve is
above the baseline determined from the low and high-
temperature extremes where no variation of light intensity
should occur (dI/dTw0). Fig. 8 also shows the melting curves
determined in this manner for the samples isothermally crystal-
lized at 250 �C (open triangles) and 268 �C (open circles), re-
spectively. A single melting peak at 277.4 �C is observed for
samples crystallized at 268 �C, whereas two melting peak
temperatures are apparently discernible at 265.6 and 269.2 �C
after crystallization at 250 �C, which is consistent with the
DSC results (265.4 and 270.3 �C) as displayed in the inset. It
should be noted that the high-temperature endotherm is rela-
tively smaller than that for the quenched sample heating from
the room temperature (Fig. 2). In addition to the direct observa-
tion of morphological changes, therefore, measurements of
transmitted light intensity under PLM also provide a feasible
route for determining the melting temperature. After complete
crystallization at 250 �C, subsequent annealing of the samples
at 268 �C for a short time (12.7 min) produces thickened lamel-
lae, which are melted at a higher temperature of 275.9 �C. This
is comparable to that of the samples isothermally crystallized at
268 �C for a long time (w340 min).

3.5. Morphological variations as revealed by SAXS
and TEM

The code of sPS-C was referred to the sample which has
been melt-crystallized at 250 �C for 2 h, followed by quench-
ing to room temperature. As shown in Fig. 2, the DSC heating
traces of the sPS-C showed two melting peaks at 264.1 and
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270.8 �C, respectively. To reveal the morphology variation
occurring during partial melting, the originally crystallized
sPS-C was heated at a rate of 10 �C/min to 268 �C and held
isothermally for 1 min (sample sPS-1) and 30 min (sample
sPS-30), respectively, prior to being quenched into liquid ni-
trogen. It is noted that the selected temperature of 268 �C is
sufficiently high to completely melt the lamellae associated
with the first melting peak (Fig. 8) for further investigating
the un-melted lamellae together with the thickened ones due
to re-crystallization. The WAXD intensity profiles of these
samples show the preservation of b0-form modification, and
the determined fWAXD is tabulated in Table 4. Accordingly,
Figs. 9 and 10 show the SAXS intensity profiles and TEM im-
ages of the corresponding samples, respectively, for revealing
the morphological variation of the lamellae developed. The
plots of Lorentz-corrected intensities versus scattering vector,
q, of the samples measured at room temperature are shown in
Fig. 9. In addition to the presence of scattering peak, strong
scattering at the lower q regions is evidently observed as
shown in Fig. 9a. The DebyeeBueche model was applied to
account for this peculiar scattering. A detailed discussion of
this unique scattering has been provided in a previous article
[27]. After subtraction of the zero-angle scattering intensity,
Io, the modified Iq2eq plots are shown in Fig. 9b to reveal
the contribution resulting exclusively from the lamellar mor-
phology. Based on the Bragg’s law, the position of the inten-
sity maximum (qm) was used to derive the long period LB

(¼2p/qm) [36]. The scattering invariant, Q, determined from
the area under the Iq2eq curve (Fig. 9b) represents the scatter-
ing power of the sample. Annealing of the sPS-C sample at
268 �C for 1 min, as shown in Table 4, results in the LB

increase from 17.6 to 18.3 nm and the reduction of fWAXD

and Q due to the crystal melting [36]. It is intriguing to note
that an extended annealing to 30 min gives rise to the gradual
increase of the LB and Q as well as fWAXD, indicating the ad-
ditional contribution resulting from further re-crystallization.
Also given in Table 4 is the lamellar thickness, lc, determined
from the measured melting temperature along with the Gibbse
Thomson equation using an equilibrium melting temperature
of To

m ¼ 291 �C and se/DHo
f ¼ 0.12 nm for the b-form sPS,

where se is the surface energy of the fold surface [37]. Typical
lamellar morphologies are illustrated in Fig. 10 where the
bright lines are associated with crystalline lamellae with which
its thickness is given by the line width. Apparently, the sPS-C
sample is filled with dense lamellae with a thickness of

Table 4

Morphological parameters of sPS samples experienced various thermal

treatments

Code fWAXD Q� 102 LB (nm) Tm (�C) lc (nm)

sPS-C 0.384 2.80 17.6 264.1/270.8 5.0/6.7

sPS-1 0.309 1.58 18.3 271.9 7.1

sPS-30 0.400 2.15 19.9 274.6 8.3

sPS-C is the sample melt-crystallized at 250 �C for 2 h prior to liquid nitrogen

quenching; sPS-1 and sPS-30 are samples prepared by heating the sPS-C at

a rate of 10 �C/min to 268 �C for annealing for 1 and 30 min, respectively,

prior to liquid nitrogen quenching.
w7 nm. However, the annealed samples (sPS-1 and sPS-30)
possess a lower population of lamellae with higher thicknesses
(w10 nm), leading to a more vivid TEM observation. A higher
TEM magnification for the sPS-C is displayed in Fig. 11. The
typical regions (A, B, C, and D) are highlighted and are indic-
ative of the existence of thin lamellae growing in-between two
thick neighbors, which favors the lamellar insertion model
[14,38].

3.6. A proposed mechanism for re-crystallization

Under e-beam radiation, the amorphous region will be
selectively attacked first in comparison with the ordered crys-
talline region, and this is due to the presence of excess free
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Fig. 10. TEM images of various sPS samples. The sample codes are the same as those given in Fig. 9. The scale bar is 100 nm.
volume. Lamellar crystals will eventually be affected for the
samples subjected to excessive e-beam bombardment. Based
on the dual lamellar stack model [13,15], separate stacks
with the thin and thick sPS lamellae are developed after
crystallization at 250 �C. The low- and high-temperature
endotherms represent the melting of stacks filled with thin
and thick lamellae, respectively. Apparently, the lamellar
stacks with thicker crystal thickness possess a higher radiation
resistance than those stacks with thinner crystals. If the dual
lamellar stack model were applied for accounting the double
melting of the b-form sPS, the suppression of the low-temper-
ature endotherm would be more severe than the high-temper-
ature one. On the basis of Fig. 2, however, the position and
magnitude of the high melting peak were evidently decreased
under a low-level radiation, and it eventually disappeared
when a critical dose was imposed. Thus, our study’s e-beam
radiation results are against the dual lamellar stack model,
but it lends support strongly for the re-crystallization model.
Moreover, on the basis of the morphological evidence

Fig. 11. TEM image of sPS-C samples with high magnification. Regions A, B

and C show the existence of short and thin lamellae trapped in-between two

long and thick lamellae. Region D shows the lamellar branching and isolated

lamellae. The scale bar is 50 nm.
(Fig. 11), a combination of two events should be considered
together to account for the double melting behavior of
b0-form sPS [39], namely, (1) a broad distribution of lamellar
thickness resulting from the lamellar insertion habit, and (2)
melting, re-crystallization, and re-melting phenomena.

Due to the sheaf-like unidirectional growth of sPS lamellar
stacks to fill out the space available [26], a broad distribution
of lamellar thickness is not unexpected within sPS spherulites
(or axilites). Through branching and fanning in the intermedi-
ate stages of sheaves, the main framework of the spherulites is
constructed by the thicker lamellae; in the meantime, some in-
ter-lamellar regions, if sufficiently wide, become available for
the accommodation of a thinner lamella, as shown in Fig. 11.
Indeed, the thin inserted lamellae with a short lateral dimen-
sion are readily observed and are widely distributed within
the sPS spherulites. The inserted lamellar nuclei could be
developed by the loose loop (or cilia) of polymer chains,
which still remains within the melt region although the rest
of the chain segments have been already crystallized into the
neighboring lamella. Based on our TEM observations, the
population of these inserted lamellae is gradually reduced
with increasing Tc. Due to the rapid crystallization process
at a high undercooling (low Tc), the spacing between two
growing lamellae becomes more non-uniform, and more local
regions suitable for the subsequent residence of the inserted la-
mellae are available. Being developed in an intervening and
restricted space, the inserted lamella is less stable than its
neighbors and will be the first to melt.

After an inserted lamella within the stacks disappears, the
localized amorphous layer becomes larger. The following
question then arises: will a new lamella form in this melted re-
gion? The formation of a new lamella in this localized melt
pool is unlikely to take place since severe difficulties will be
encountered in developing a thicker nucleus in such a limited
time (Fig. 7) at a higher annealing temperature (268 �C). If it
were to occur, on the other hand, the long period would be re-
duced, which is inconsistent with the SAXS results (Table 4).
Then another crucial question arises: where do the thickened
lamellae associate with the re-crystallization process?
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Using a decoration method [40], Tosaka et al. [41] and Ho
et al. [42] have shown that the polymer chains are irregularly
folded even in the single lamellar crystals of sPS. The irregular
folding habit of the sPS chains is further supported by a recent
finding that the fold surface energy of the b0-form sPS lamel-
lae is only slightly larger than its lateral surface energy [37].
The lack of uniform folding directions plausibly resulted
from the presence of stacking faults [41,43], which influence
the new polymer stem to attach onto the growth face. Essen-
tially, the polymer chains on the lamellar surface are not
tightly folded but act like ‘‘floating segments’’ [42] which pos-
sess sufficient mobility for conformation change induced by
appropriate thermal treatments. In other words, short-term
annealing at temperatures higher than Tml tends to change
the nature of the fold surface. After melting of the inserted
lamella, the adjacent lamellae left behind are likely to be
thickened by the tightening of loose folds or the withdrawal
of cilia from the melt pool [44]. The population and ultimate
thickness of the thickened lamellae are dependent on the heat-
ing rate as well as the annealing temperature (Tables 2 and 3).
Thus, the high-temperature endotherm is associated with the
melting of both the thickened lamellae and the lamellae
initially present. A large amount of thickened lamellae essen-
tially gives rise to the pronounced appearance of a high melt-
ing endotherm with a peak temperature of Tmh determined
from the average thickness of the un-melted and thickened
lamellae prior to the second melting.

Based on our above arguments, the high-temperature endo-
therm could be significantly suppressed if the population of
the inserted lamellae were effectively reduced for not being
able to trigger the re-crystallization process. To fulfill this
condition, the blending of sPS with its atactic isomer (aPS)
provided a feasible route. Since the interfibrillar segregation
of the amorphous aPS was concluded in the sPS/aPS blends
[27], the number of sPS lamellae in each stack was signifi-
cantly reduced by excessive dilution. This is the same with
the formation probability of the inserted lamellae. For the
10/90 blends melt-crystallized at 250 �C, stacks consisting of
typical 4e7 lamellae were seen, and no inserted lamella was
found under TEM observations [27]; the DSC results showed
a single melting temperature at 265.0 �C which was identical
with Tml of the neat sPS (Fig. 8). Our model is also consistent
with a previous finding by Chiu and Peng [22] that the re-crys-
tallization extent of the aPS/sPS blends was primarily depen-
dent on the crystallization rate of sPS regardless of the Tc and
the molecular weight of aPS used. As a matter of fact, a higher
crystallization rate of sPS generally produces a lamellar stack
morphology with more inserted lamellae, which in turn en-
hances the re-crystallization behavior during the melting scan.

4. Conclusions

The objectives of this work were to explore the origin of the
double melting behavior of b0-form sPS, which was often ob-
served for the samples melt-crystallized at a low temperature.
After extensive e-beam radiation, the high-temperature peak
was gradually suppressed and eventually disappeared at
a dose of 1.8 MGy. It was concluded that e-beam radiation
gave rise to the formation of chemical cross-linking occurring
effectively between sPS crystalline lamellae, the purpose of
which is to prohibit the re-crystallization of the melting lamel-
lae. This indicates the invalidity of the dual thickness model to
account for the double melting behavior of sPS. After radia-
tion with a dose up to 2.4 MGy, no significant change of the
WAXD intensity profiles was observed, suggesting the safe
preservation of the b-form crystals. Regardless of the heating
rate and annealing temperature, re-crystallization during the
partial melting followed the mechanism of one-dimensional
crystal growth according to the corresponding Avrami expo-
nent, as evidenced by the DSC and PLM results.

On the basis of morphological observations, the lamellar
insertion model was also verified to accompany the re-crystal-
lization model to account for the double melting behavior of
sPS. In other words, the initial melting is associated with
the melting of thin lamellae existing in a restricted space in-
between two thick lamellae. After the short and thin lamellae
are melted away, the inter-lamellar regions left behind are
available for the un-melted neighbors to further increase their
thickness through one-dimensional growth process. Thus, the
position of the high melting endotherm is dependent on the av-
erage thickness of the un-melted lamellae as well as the thick-
ened ones relevant with the re-crystallization process.
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